Abstract: Periodic arrays of subwavelength apertures on Ag film are used as the substrates for nanohole-enhanced Raman spectroscopy. This study presents a rectangular bull's eye structure in an array. We demonstrate the quantitative features of the pattern by the finitedifference time-domain method. This structure is used to enhance the Raman spectroscopy of four DNA bases without labeling. The enhancement factor is up to 10 6 . A 1.5-fold enhancement against the circular pattern experimentally confirms the role of sharp corners. This structure may be used in nucleotide identification and DNA sequencing.
Introduction
Raman spectroscopy is a powerful analytical tool because of its nondestructive nature and highresolution structural fingerprinting details. However, the low sensitivity (typically 10 À8 quantum yield) of this method is a hindrance to its application. The surface-enhanced Raman scattering (SERS) technique, which has been applied since the 1970s, has made substantial contributions to biological research. An extremely large SERS with a total enhancement factor (EF) on the order of 10 14 has been obtained at a nonresonant excitation for single molecules attached to Ag clusters [1] . Nevertheless, only the molecular group in direct contact with the metal surface can undergo the enhancement because of the chemical selectivity. The inhomogeneity of clusters also causes difficult reproduction. Recent advances in nanofabrication methods and synthesis have enabled the arrangement of nanoholes into arrays, which can result in unusual physical and chemical properties. Ebbesen et al. have reported enhanced light transmission via arrays on Ag film [2] . The metal array appears transparent at a certain wavelength [2] , [3] . This development opens a new territory of Raman scattering and sensing. Typical nanohole and nanodisk arrays have been fabricated on metal substrates to enhance Raman signal and instinct fluorescence [4] - [6] . Due to the localized field of surface plasmon resonance (SPR), molecules in subwavelength regions can be detected at low concentrations. The arrays can also serve as SPR sensors because the excitation of surface plasmon polaritons (SPPs) is sensitive to the dielectric constant of cladding [7] - [9] . The miniaturization resulting from the totally small-scale normal incident mode and metal stability offers an approach to the commercial biological sensing chip concept.
In this paper, we report a systematic study of a rectangular-patterned bull's eye array to explore SPR enhancement. The periodic corrugations help to collect the SPPs under normal illumination and concentrate the emission light. Emphasis is given to the localized SP (LSP) near the corner of the metal [10] , [11] . We make an attempt to reconstruct the corrugation pattern by introducing sharp corners. This structural design enables the intensive localized fields on a simple bull's eye [12] . The entire active area has a large EF on the order of 10 6 and is within the focal spot ð$1 m 2 Þ. The miniaturization of the active area cannot be achieved by a normal nanohole array. The Raman identification of four DNA bases was experimentally demonstrated. Polarization-dependent performance was also observed. In contrast, a 1.5-fold enhancement was achieved on the rectangular pattern. Counter-intuitively, the dipole-like behavior played a negative role here. The results are expected to lay the foundation for nanohole-enhanced Raman scattering without the use of an extrinsic fluorophore. The technology has potential use in DNA identification and sequencing.
Theory and Simulation
The structure fabricated by electron beam lithography (EBL) consisted of a 200-nm-thick Ag metal film milled with 100 nm Â 300 nm rectangular apertures surrounded with periodic corrugations. It resembled a so-called bull's eye structure, but we changed the shape from the traditional circle into a rectangle. A circular bull's eye with a 200-nm-diameter center hole was also prepared. Fig. 1 shows a scanning electron microscopy (SEM) image of an identical structure and the array. The total fabrication scale is 0:2 Â 0:2 mm 2 on a 1-cm 2 quartz substrate, on which about 200 periods were fabricated.
A simulated reflection spectrum for normal incident radiation at the center wavelength of 532 nm is shown in Fig. 2(a) . The absorption indicated the energy confined to the surface without radiation to induce the localized field. The resonant peaks corresponding to the SP are located at around 550 nm (545 nm for the rectangular pattern and 550 nm for the circular one). The plasmonic resonance spectrally overlaps with the laser light both at excitation and Raman-shifted wavelengths. It benefited the Raman scattering signals. Calculations were performed using the finite-difference time-domain (FDTD) method. The refractive index of Ag was set according to the Drude model [13] . And the potential of the bull's eye as a device element is well recognized: the pattern can give rise to highly directional beaming [14] , [15] . Fig. 2 (b) presents the far-field distribution (5 mm from the sample) based on the FDTD calculations. Over 84% energy for the rectangular pattern and 90% for the circular pattern were involved in the angle divergence of 60
. The matched condition between the SP momentum and the reciprocal vector of the periodic structure limited the momentum of the reradiated wave. This beaming effect improved the collective efficiency of the microscope [16] , [17] . In our experiment, the numerical aperture of the collective lens was 0.5. Accordingly, $14% of the entire energy flux can be collected into the system. Thus, six times more photons are expected to be detected and eventually converted into electrical signals from the bull's eye.
Besides those properties brought up by bull's eye configuration, some new performances are achieved by the rectangular pattern. The calculated near-field property above the rectangular pattern is presented in Fig. 3(a) . The field enhancement reached the maximum at the four corners of the rectangle. Typically, the maximum value of jEj was above 20. This finding implies the EF of jEj 2 was 4 Â 10 2 . This value was roughly twice the peak value in the circular pattern ðjEj 2 % 2:2 Â 10 2 Þ in Fig. 3(c) . The active areas around the corners were anticipated to be optical Bhot spots[. The DNA molecules located in these areas experienced a much higher excitation field than those directly excited by the incident field. Theoretically, the hot spots result from the lightning rod effect [18] . The tips can concentrate more free electrons to induce a largely enhanced field, whereas this highly localized field exhibited an evanescent character that drastically decayed away from the surface [19] . The electric potential can be given as
where is the angle between the two metal borders, is the distance from the top, and È is the azimuth angle inside the given . In our study, the right angle of the rectangle was 3=2. Thus, the electric field was proportional to À1=3 as a function of distance. This parameter enabled the determination of the evanescent character of the induction field. We assumed the incident field magnitude to be 1; thus, the analytical EF jE loc =E inc j 2 was $ 4 Â 10 2 . The consistency with the simulation was expected. These accordant results indicated an advantage over the traditional circular pattern, given that more tips were included in the rectangular one. And we can also estimate the tolerance for the roughness of the corners in experimental condition from (1). We can derive the deviation as follows:
For example, if ¼ 270 AE 2 , we can derive that ÁE $ 10%. Note that ¼ 3=2 only indicated that the outside edges of the rectangular side induced the vertex effect. The inner space may play a role as a metal waveguide cavity. As shown in Fig. 3(b) , dipolar distribution occurred inside the aperture along with the vertex effect outside. However, the presence of the dipole-like mode reduced the energy concentrated at the corners. It decreased the maximum of the field enhancement.
Radiation from excited-state molecules also plays an important role in the entire Raman scattering procession. Fig. 4 presents the performance of a source point emitting at 550 nm on the rectangular bull's eye structure, which was within the region of the Raman signal in our experiment. Fig. 4(b) indicates that the source point at the center of the structure induced a large excitation field. The dipolar oscillation was observed in the inner space. The excitation source was also dramatically excited to ten times the isolated one when it was located right at the hot spot in Fig. 4(c) . This finding corresponded to the lightning rod effect discussed previously.
The EF is related to the electric field both at the excitation and shifted frequencies [6] , [13] , [20] :
where E loc ð! ex Þ is the electric field magnitude at the excitation frequency, E loc ð! RS Þ is the local electric field of Raman shift frequency, E 0 ð! ex Þ is the incident field at excitation frequency, and E 0 ð! RS Þ is the Fig. 4 . Calculated near-field intensity above the film of the isolated source point emitting at wavelength of 550 nm (a) without a structure surrounding it, (b) located at the center of the rectangular pattern, (c) located at the top-right corner of the structure.
incident field at the Raman shift frequency. Here, jE loc ð! ex Þ=E inc ð! ex Þj 2 was $ 4 Â 10 2 as discussed, and jE loc ð! RS Þ=E inc ð! RS Þj 2 was $10 2 as shown in Fig. 4(c) . The corrugated configurations benefited the signals with four more tips on each extra groove. More hot spots on the rectangle were involved along with the beaming effect. The contribution at the corners of the outer rectangular-patterned grooves can be found in Fig. 3(a) and (b) . By taking the improvement of lens collective efficiency into account, the total EF value can be predicted to be on the order of 10 5 $ 10 6 [16] , [21] , [22] .
Experimental Results and Discussion
About 10 L of a 1-mM aqueous solution sample containing decoxyadenosine monophosphate (dAMP), deoxythymidine monophosphate (dTMP), deoxycytidine monophosphate (dCMP), and deoxyguanosine monophosphate (dGMP) was introduced by a micropipette to the substrate for Raman measurements. The samples were placed on a dispersive Raman spectroscope (Bruker Optics). This instrument was equipped with a 50Â/0.5 objective lens (focal spot diameter % 1 m) and a computer-controlled X-Y-Z stage with a 1-m resolution in the lateral direction. A 532-nm laser with an optional polarizer served as the excitation source at 20 mW ðI % 10 5 W/cm 2 Þ. The scattered radiation was collected in the backward direction via the same objective lens and sent to a semiconductor cooled charged-coupled device detector. The signal integration was set to 30 s throughout the experiment.
The enhanced Raman spectra of the four kinds of DNA base molecules absorbed on the rectangular bull's eye array are shown in Fig. 5 . The dark lines indicate the ordinary Raman spectra of the pure DNA base sample in powder state for comparison. The enhanced Raman spectra of the 1-mM aqueous base molecule solution are shown by red lines. For the common characteristics of the phosphodiester bond, the peripheral group contributed mainly to the spectra from 750 cm À1 to 900 cm À1 . The major bands between 1300 and 1600 cm À1 originated from purine and pyrimidine aromatic rings. The ring breathing mode of dGMP and dAMP can be distinguished at 680 and 730 cm À1 , as shown in Fig. 5(b) and (c), respectively [23] . Thus, these eigenvalue peaks corresponding to the breathing mode of carbonyl groups can be used to determine the four kinds of DNA bases readily. The Raman signature of dAMP in water was barely recognizable. The intensive noise level resulted from its much lower solubility in water than the other three. Experimental EFs were determined using standard methods [20] , [24] . The general equation was
where I is the intensity of Raman signals, and N is the number of imaged molecules. The substrate was 1 Â 1 cm 2 covered by an aqueous solution, and the diameter of the laser spot was 1 m. In general, there were about 10 À17 mol molecules on one single structure. Only half of the molecules residing at the gaps between the neighboring metal corrugations underwent the largest enhancement, and even fewer were located around the corners. Thus, the area-corrected EF was over 3 Â 10 6 , consistent with the prediction. For the condition of the experiment, signal from the plate area of the silver film is not detectable above the noise [12] . dGMP exhibited the largest enhancement of Raman scattering followed by dCMP and dTMP in our case. This finding indicated our successive attempt to measure further the performance on the representative dGMP. Fig. 6 gives the polarized performance of the Raman signal of dGMP molecules on the array. The polarization of the electric field was set parallel to the long (X) and short (Y) axes. The polarized incidence on the circular structure was also recorded. For comparison, both arrays were fabricated on the same substrate 5 mm from each other and were only translated with the X-Y stage without changing the focus status during the test. About 1.5-fold enhancement was observed along the two axes. It indicated that the mode polarized perpendicular to the long axis was more enhanced than that to the short axis. This result implied that the X-polarized incident more easily induced the dipole-like mode on the pattern, sharing the energy from four corners as aforementioned. The noise-to-signal ratio improved in the polarization pattern compared with the normal spectrum in Fig. 5(c) . This phenomenon aided the achievement of a high-resolution Raman spectrum in aqueous solution.
Conclusion
Nanostructured metal-enhanced Raman scattering is demonstrated on a rectangular bull's eye array structure on Ag film. This pattern benefits the excitation of SPs and intensive localized field in one simple structure. The localized fields from the sharp corners play crucial roles in contributing to the EF on the order of 10 6 . The Raman spectra of four DNA base molecules are obtained without extrinsic labeling. These findings may provide an attractive way for sensing elements on transport flow by equipped microfluidic configuration and also for single-molecule on-chip detection with a very small-scale volume.
